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Abstract

:

Underground pipelines are vital parts to urban water supply, gas supply, and other lifeline systems, affecting the sustainable development of cities to a great extent. The pipeline joint, which is a weak link, may be seriously damaged during natural disasters such as earthquakes. The failure of pipe joints can cause leakage accidents, resulting in system failure and interruption, and even some secondary disasters. Herein, based on uniaxial and plane tensile test results of a T-rubber gasket material, the assembly process and sealing performance of a T-rubber gasket joint of a ductile iron pipe are numerically simulated using the Ogden third-order strain energy density function to fit the material constant. The simulation accounts for severe nonlinearities, including large deformations, hyperelasticity, and complex contacts. The effects of the assembly friction coefficient, assembly depth, and radial clearance deviation of the socket and spigot on the seal contact pressure are analyzed. The results suggest that the entire history of the deformation and stress variations during assembly can be clearly visualized and accurately calculated. For the different friction coefficients, the assembly depth corresponding to the sliding friction condition of the spigot pipe was 74 mm, while the minimum pushing force required to assemble the T-rubber gasket joint of a DN300 ductile iron pipe was 6.8 kN at the ideal situation with a friction coefficient of 0. The effective contact pressure of the rubber gasket seepage surface under various operating conditions is much higher than the normal pressure of municipal pipelines, thus indicating that the rubber gasket joint exhibits the ideal sealing performance. Furthermore, a certain deviation, which is about 20 mm, is allowed for the assembly depth of the rubber gasket joint such that the axial displacement of the pipe joint can be adapted under an earthquake or ground displacement.
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1. Introduction


Underground pipelines are vital to urban water supply, gas supply, and other lifeline systems, and are important part of the infrastructure ensuring sustainable development of a city. For a sectional connection pipeline, the pipeline joint is a weak link, while joint damage is the primary failure mode under the action of various disasters, i.e., earthquakes and geological disasters [1,2]. Recently, rubber gasket joints have been widely used in urban water supply, gas supply, and other pressure pipelines, as well as long-distance oil pipelines and super-large-diameter water pipelines, owing to their good adaptability to various deformations. The cost of a rubber gasket, a key component in the sealing of pipe joints, accounts for only 1% of the pipeline cost; however, its failure can cause leakage accidents, thus resulting in system failure and interruption, which may cause water pollution, explosions, and other severe secondary disasters.



Rubber is well recognized as a hyperelastic material with a low elastic modulus, high stretchability, and high energy storage capability. A rubber gasket undergoes significant shape changes during the assembly of the pipe joint, as well as intense extrusion and friction with the spigot and socket. Its mechanical analysis is highly complicated as it involves geometrical, physical, and boundary condition nonlinearities. Therefore, when analyzing the mechanical properties of the rubber gasket, the hardness and elongation of the rubber as well as the compression rate of the rubber gasket after assembly are typically used as control indicators. Nonetheless, refined analyses of the large deformation, stress state, and sealing performance of rubber gasket materials are limitedly conducted. The design of rubber gasket joints and the gaskets of various pipelines is based primarily on experience and a few tests [3,4]. Generally, the rubber gasket is accepted once it does not leak in the required tensile displacement or deflection angle tests. This acceptance criteria lacks theoretical support when designing for pipes located in poor ground environments or that may suffer strong earthquakes, which does not meet the sustainability requirements of a pipe for long-term service.



With the development of computer simulation technology and modern nonlinear theories, the finite element analysis method has been applied to the analysis of rubber components with various forces, constraints, and complex shapes. In recent years, numerical simulation studies pertaining to the use of rubber seals in aerospace and mechanical fields have been extensively performed [5,6,7,8,9,10]. Regarding municipal pipelines, Theiner et al. [11] developed a simpler axisymmetric FE model of the joint for pipe systems under high operating pressures, and evaluated the preliminary design of the joint through numerical simulation. Zhong [12] performed finite element modelling in ANSYS to analyze the contact pressure of a double O-rubber gasket for DN3000 Prestressed Concrete Cylinder Pipe (PCCP) pipelines and determine the effects of manufacturing accuracy, pipe settlement, and other factors on the sealing capacity of the gasket joint. Wang et al. [13] established a three-dimensional numerical model of a socket drainage pipe using the ABAQUS finite element software and analyzed the effects of pulse amplitude, load location, and depth of burial on the dynamic response of the pipe under traffic loads. Dong et al. [14] studied restrained joint and pulling load for ductile iron pipe in horizontal directional drilling, in which the finite element method (FEM) was used to study the mechanism of joint failure as well as the effect of slope angle. As test data regarding the basic mechanical properties of rubber materials are not available, most researchers typically use Treloar’s experimental data [15] or the low-order Mooney–Rivlin model to determine the material constants when performing a numerical analysis of the sealing properties of rubber gaskets. However, Treloar’s basic mechanical property test of rubber, which is classical, was published in 1944, the results of which are not applicable to all rubber materials. Indeed, the constitutive relation of the model may differ significant from the actual mechanical properties of the rubber gasket owing to the different components of the rubber and the production process. Meanwhile, the low-order Mooney–Rivlin model, whose model parameters can be obtained easily, is only a low-order function, indicating that it is difficult to accurately predict the complex deformation behavior of rubber materials. Hence, the characteristics of the problem investigated can be reflected objectively only by fitting the corresponding constitutive mode with the experimental data of rubber materials.



Existing finite element analyses of the sealing performance of rubber gaskets do not sufficiently consider the gasket installation, pipe joint assembly process, and historical cumulative state of the sealing rubber gasket. To ensure that the pipe joint achieves high-quality sealing, the initial outer diameter of the T-rubber gasket is designed to be slightly larger than the inner diameter of the socket clamping groove. In the actual installation process, after the rubber gasket is placed in the clamping groove, a radial force must be applied to ensure its tight fit with the clamping groove. Thus, before the spigot is assembled, the rubber gasket has been subjected to a certain amount of initial stress. This guarantees the smooth assembly process of the pipe rubber gasket joint as well as its high-quality sealing after the assembly. However, owing to the limitations of the numerical method, the details above have rarely been considered in existing studies.



Compared with experimental studies, numerical simulations require fewer cycles and incur lower test costs, which is conducive to the realization of sustainable design. Owing to the small structural dimensions of the rubber gasket and the opaqueness of the pipe material, the changes and evolution of the deformation, stresses, and contact stresses of the rubber gasket during the assembly of the pipe joint are difficult to observe and measure.



In this study, to simulate the assembly stress and sealing performance of the rubber gasket joint, the T-rubber gasket joint of a DN300 ductile iron pipeline, which is typically used in municipal engineering, was selected. The basic mechanical properties of the rubber material and the material constant fitting of the third-order Ogden model were analyzed. The interference fit and assembly process of the rubber gasket joint were simulated. Additionally, the sealing performance of the rubber gasket joint and the influencing mechanisms of different factors are discussed herein. The relevant modeling and research results can provide a reference for the design of flexible joints and sustainable design of rubber-like components.




2. Computational Model


2.1. Model Parameters


The research object of this study was a ductile iron pipe rubber gasket joint typically used in municipal engineering. The calculation model prototype, a DN300 socket-type ductile iron pipe (produced by Xinxing Casting Pipe Group Limited, Wu’an, China), was selected based on the national standard [16]. The nominal diameter of a DN300 socket type ductile iron pipe is 300 mm, including a pipe socket, pipe spigot, and sealing rubber gasket, as shown in Figure 1a. The rubber sealing gaskets used in this study were based on a T-rubber sealing gasket with Shore hardness values of 50 and 88, as shown in Figure 1b. The calculated dimensions are shown in Figure 1. Based on the national standard [16], the assembly depth of the pipe socket was set to 100 mm.



The simulation was performed using commercial finite element software ABAQUS. Because the T-rubber gasket joint is an axisymmetric component, the load and deformation of the rubber gasket in the joint assembly process under ideal conditions are axisymmetric; therefore, the model is regarded as axisymmetric. A CAX4H axisymmetric quadrilateral unit was used to simulate the T-rubber gasket and was supplemented by a triangular unit for transition, as shown in Figure 2. The ductile iron pipe was assumed to be a rigid body owing to its high stiffness compared with that of the rubber gasket.



Two contact surfaces were set between the rubber gasket and socket and between the rubber gasket and spigot to define the normal contact and tangential friction behavior between them. In the actual construction process, the outer surface of the rubber gasket was coated with lubricant before the assembly of the rubber gasket joint to facilitate the installation of the spigot. The friction coefficients of a ductile iron pipe and rubber gasket were 0.85–1.05, while the friction coefficients were 0.1–0.5 after the lubricant was applied [17]. Herein, to simulate the actual installation conditions of the rubber gasket joint, the coefficient of friction μ between the T-gasket and socket (without lubricant) was set to 0.95, whereas the coefficient of friction μ0 between the rubber gasket and spigot (with lubricant) was assumed to be between 0–0.3.




2.2. Constitutive Parameters of T-Rubber Gasket Materials


Rubber materials are typically regarded as hyperelastic materials, and their stress tensor can be described by the derivative of the strain energy density function with respect to the strain tensor. Scholars have proposed several hypotheses regarding the strain energy density function of rubber-like materials. In this regard, the most representative models used are the Mooney [18], Rivlin [19], Ogden [20], Yeoh [21], and Gent [22] models. As each of these strain energy models are based on specific assumptions or experiences [23,24,25], they do not predict the complex deformation behavior of rubber-like materials in the same manner. When evaluating the constitutive model of hyperelastic materials, the Ogden third-order strain energy function has been shown to yield better simulation results pertaining to the multi-axial deformation behavior of rubber when both uniaxial tensile (UT) and plane tensile (PT) test data are applied [26,27].



The Ogden third-order strain energy function [20] is expressed as shown in Equation (1).


  W =   ∑  i = 1  N      μ i     α i    (  λ 1   α i    +  λ 2   α i    +  λ 3   α i    − 3 )    



(1)




where αi and μi are arbitrary material constants; λi is the principal elongation ratio (i = 1, 2, and 3); and λ1λ2λ3 = 1 when considering the isotropic and noncompressible characteristics of rubber.



To determine the basic mechanical properties of the T-rubber gasket to be used for ductile iron pipe joints, two types of rubber specimens with Shore hardness values of 50 and 88 were fabricated and subsequently subjected to UT and PT tests, as shown in Figure 3.



The relationship between nominal stress σ and axial elongation ratio λ based on the deformation process of the two types of rubber materials with Shore hardness values of 50 and 88 is shown in Figure 4.



For the two types of rubber materials, their elongation ratio in each direction during the deformation process can be described as shown in Equation (2).


      UT :  λ 1  = λ ,    λ 2  =  λ 3  =  λ  − 1 / 2       PT :  λ 1  = λ ,    λ 2  = 1 ,  λ 3  =  λ  − 1        



(2)




where λ is the axial elongation ratio of the two rubber materials.



For a strain energy density function W, the Cauchy principal stress ti (i = 1, 2, and 3) corresponding to the elongation ratio λi can be expressed using Equation (3).


   t i  =  λ i    ∂ W   ∂  λ i    − p  



(3)




where p is the hydrostatic pressure.



Combining Equations (2) and (3), the relationship between the nominal axial stress σ and axial elongation ratio λ based on UT and PT tests can be obtained, as shown in Equations (4) and (5), respectively.


   σ  UT   =   ∑  i = 1  N    μ i  (  λ   α i  − 1   −    λ  −  1 2   α i  − 1   )  



(4)






   σ  PT   =   ∑  i = 1  N    μ i  (  λ   α i  − 1   −    λ  −  α i  − 1   )  



(5)







Based on the equations above and the UT and PT test results in Figure 4, the material constants were globally fitted using the least-squares method. A comparison between the fitting and test results is shown in Figure 5, and the obtained material constants, αi and μi, are listed in Table 1.



The results shown in the graphs reveal that the Ogden model (N = 3) predicted the deformation history of rubber materials with a Shore hardness of 50 more closely. Moreover, for the prediction of rubber materials with a Shore hardness of 88, the UT test results were more similar to the fitted results compared with the PT results. In terms of the PT test, although the predicted results were underestimated compared with the fitting results when the main elongation ratio λ exceeded 1.7, the results maintained an ideal fitting when the elongation ratio was less than 1.7. As the peak elongation ratio λ of a T-rubber gasket under actual working condition is generally less than 1, the fitting parameters satisfied the simulation accuracy of the assembly process of the pipe rubber gasket joint.




2.3. Simulation Scheme


The pseudo-static method was applied to closely model the actual operating condition of the assembly process of the pipe T-rubber gasket joint. Three static analysis procedures were established to simulate the installation of the rubber gasket, installation of the joint, and hydrostatic test, as follows.



Step 1: A sealing rubber gasket was installed in the socket. The socket was uniformly heated and expanded to match the size of the rubber gasket (the groove circumference of the socket expanded from 356.5 to 366 mm). Subsequently, the rubber gasket was installed, and the socket was cooled uniformly to the actual size of the socket groove (the groove circumference decreased from 366 to 356.5 mm) to model the annular extrusion of the rubber gasket. The rubber gasket was tightly fitted with the socket groove to generate the initial assembly stress in the rubber gasket.



Step 2: A spigot was pushed into the fixed socket for assembly. Particularly, the spigot was pushed into the socket at a uniform speed along the axial direction of the pipe and then assembled to a standard installation depth of 100 mm. The friction coefficient between the spigot and rubber gasket was assumed to be 0.15.



Step 3: A hydrostatic test was performed by changing the friction coefficient between the spigot and rubber gasket to 0.95 (to simulate the dry failure of the lubricant after pipeline assembly). Subsequently, the water pressure supply was increased to simulate the normal operating state of the pipeline rubber gasket joint.





3. Results


Figure 6 shows the von Mises stress cloud plot for the installation of the T-rubber gasket in Step 1. As shown in Figure 6, as the diameter of the socket continued to reduce to the actual size, the rubber gasket and socket groove tightened gradually, and the deviatoric stress increased slowly, thus resulting in significant changes along the interface of the two types of rubber. This indicates that (i) the T-rubber gasket was subjected to a certain initial assembly stress after installation was completed, (ii) the subsequent socket assembly was completed based on the initial assembly stress, and (iii) a certain historical accumulation of rubber gasket deformation occurred.



Figure 7 shows the assembly process of the socket and spigot in Step 2 of the analysis (assuming that the friction coefficient between the outer surface of the T-rubber gasket and the spigot was 0.15 after the lubricant was applied). Figure 8 shows the relationship between the required propulsion force and socket assembly depth during the socket assembly process.



As shown in Figure 7, as the spigot was jacked in, the T-rubber gasket was gradually subjected to compression, shear, and friction, and the peak stress appeared at the interface of the two types of rubber. During the assembly of the socket, the T-rubber gasket rotated slightly. Simultaneously, the contact length of the two seepage (contact) surfaces between the rubber gasket and each of the socket and spigot increased gradually. When the assembly was completed, the rubber gasket was extruded into a flat shape and closely fitted with the socket and spigot to form a contact pressure for ensuring high-quality sealing. As shown in Figure 8, when the spigot was inserted into the socket at 35 mm, it began to establish contact with the rubber gasket and generated thrust. As the assembly depth increased, the required push force increased nonlinearly; it reached a maximum value of 12.5 kN when the assembly depth reached 56 mm. Subsequently, the propulsive force decreased gradually until the assembly depth reached 75 mm. As the insertion of the spigot continued until the assembly was completed, the push force and deformation form of the rubber gasket stopped changing, which signifies the beginning of the sliding friction stage.



To analyze the sealing performance of the T-rubber gasket, the contact pressure distribution on the two seepage surfaces of the T-rubber gasket was extracted after water pressure supply was incorporated in Step 3 (the water pressure in this step was set to 0.2 MPa, which is the normal operating pressure of the municipal network system), as shown in Figure 9 (where the contact positions of the rubber gasket and socket pipe are dimensionless).



Evidently, the contact pressure peaks of the two seepage surfaces of the T-rubber gasket appeared in the middle of the contact surface as two wave peaks, which decreased at both ends; however, the contact pressure distribution of the two seepage surfaces differed slightly. On the contact surface between the T-rubber gasket and spigot, the contact pressure on the region with a Shore hardness of 88 was slightly greater than that with a Shore hardness of 50. The contact pressure trough was located at the interface of the two types of rubber, and a high contact stress was observed on the entire seepage surface. In terms of the contact surface between the rubber gasket and socket, the contact pressure was distributed primarily at the region with a Shore hardness of 50, whereas the contact pressure was 0 at the interface of the two types of rubber, thus indicating that the rubber gasket was partially detached from the socket groove (Figure 7).



The high-quality sealing of the pipe joint can be guaranteed if the contact pressure on the seepage surface of the sealing rubber gasket exceeds the internal fluid pressure [3]. The minimum stress within a certain range was defined as the effective contact pressure. The results show that the effective contact pressure of the T-gasket exceeded 2 MPa after the assembly of the pipeline rubber gasket joint (see Figure 9), which is much higher than the normal operating pressure of 0.2 MPa for urban municipal pipelines. This indicates that the constructed T-rubber gasket offers the ideal sealing performance.




4. Analysis and Discussion


4.1. Effect of Friction Coefficient μ0 between Spigot and Rubber Gasket


The friction coefficient between the spigot and rubber gasket during assembly (i.e., when the lubricant was applied) considered in the analysis were μ0 = 0.1, 0.15, and 0.3, with μ0 = 0 as the limit case. The relationship between the push force during assembly and the assembly depth as well as the geometry and stress of the T-rubber gasket section after the completion of assembly are shown in Figure 10.



Evidently, as the friction coefficient of the seepage surface of the gasket joint increased, the peak propulsive force required by the assembly socket increased gradually; consequently, the corresponding assembly depth became larger when the peak was reached, and the compression–shear deformation of the rubber gasket was more significant. When μ0 = 0.30, the rubber gasket clearly exhibited overturning.



Additionally, Figure 10 show that the assembly depth at which the spigot reached a state of sliding friction was 74 mm for different μ0 values, thus indicating that the socket configuration controls whether the spigot enters the ultimate equilibrium and that μ0 has less influence over it. This phenomenon is similar to the results of Yang et al. [28]. Notably, μ0 = 0 between the T-gasket and spigot represents a limit state, where the propulsion force arises from the extrusion and shear deformation of the spigot against the gasket, no friction occurs, and the propulsion force is zero when the sliding friction state is reached. Therefore, for the DN300 ductile iron pipes, the minimum propulsive force required for the assembly of the rubber gasket joint was 6.8 kN.



Figure 11 shows the contact stress distribution between the two seepage surfaces of the T-gasket after the fitting of the pipeline rubber gasket joint was completed at different values of μ0. The contact pressure between the gasket and spigot contact surface, as shown in Figure 11a, exhibited similar distributions for different values of μ0. As μ0 increased, the effective contact pressure decreased. The same trend was observed (see Figure 11b) for the T-gasket-to-socket contact surface with a Shore hardness of 88, whereas the contact pressure for that with 50 did not change significantly. These results suggest that the lubricant coating results in the smooth assembly of the rubber gasket joint, the accurate positioning of the gasket in the slot, and less overturning.




4.2. Effect of Depth of Spigot Assembly


To investigate the effect of assembly depth on the contact pressure of the T-rubber gasket seepage surface, the contact pressure distribution on the seepage surface of the T-rubber gasket was calculated at 45, 56.4, 60, 75, and 100 mm at μ0 = 0.15, in addition to the change in the spigot propulsive force during assembly (see Figure 12); note that 56.4 mm is the assembly depth at the maximum thrusting force.



Based on Figure 12, the contact length and effective contact stress increased gradually with the depth of the spigot assembly for the contact surface of the T-gasket and spigot, and the increasing trend began to stabilize after the propulsion peak. After the spigot reached the sliding friction stage (where the assembly depth exceeded 74 mm), the contact pressure values and distribution stopped changing. Based on these findings, the assembly depth of the pipe joints did not reach 74 mm (i.e., when the spigot did not reach the stage of sliding friction) and the assembly depth significantly affected the contact pressure. An assembly depth exceeding 74 mm negligibly affected the effective contact pressure on the permeable surface of the rubber gasket. The results indicate the allowable error in the assembling depth of the nodular cast iron pipe joint during the construction and assembly processes is 20 mm; this allows the assembling depth to be adapted to the axial displacement of the joint during an earthquake or ground displacement, which is in line with the previous study [28], wherein a series of experimental studies of axial tensile test for pipe joint was conducted.




4.3. Effect of Radial Clearance Deviation of Socket and Spigot


Owing to technological limitations, the radial clearance of pipe joints in practical engineering are specified with some tolerances and random deviations. To investigate the effect of such deviations on the sealing performance of the rubber ring joint, based on the current standard, “Ductile iron pipes, fitting and accessories for water or gas” [16], the radial clearance deviations of the socket were herein assumed to be 0.5, 1.0, 1.5, and 3.0 mm. The distribution of the contact pressure on the seepage surface of the rubber gasket after the assembly is shown in Figure 13.



Based on Figure 13, the contact pressure on the two seepage surfaces of the T-rubber gasket exhibited a similar trend under different values of radial clearance. As the radial clearance of the pipe joint increased, the effective contact pressure on both seepage surfaces of the T-gasket decreased gradually, and the contact length between the rubber gasket and socket/spigot decreased significantly, particularly on the contact surface between the rubber gasket and socket. At a radial clearance of 3 mm, the rubber gasket with a Shore hardness of 88 was separated from the socket groove; however, the rubber gasket with a Shore hardness of 50 exhibited an effective contact pressure exceeding 1.5 MPa over a certain length, which ensured its high-quality sealing. The results indicate that T-rubber gasket pipe joints can withstand bending deformation to a certain extent under the action of earthquake or ground displacement.





5. Conclusions


In this study, the material constant of the Ogden third-order strain energy density function was fitted based on a basic mechanical experiment of the rubber gasket material, and a series of numerical simulation processes of rubber gasket installation, joint assembly, and water pressure supply were performed. The main conclusions obtained are as follows.



	(1)

	
The interference fit between the T-rubber gasket and socket formed the initial assembly stress of the rubber gasket. The subsequent socket assembly was completed based on the initial assembly stress, and the deformation of the rubber gasket exhibited a certain historical accumulation.




	(2)

	
During the assembly of the socket, the peak propulsive force required by the assembly pipe joint increased with the friction coefficient of the seepage surface, thus indicating that the lubricant selection and coating process significantly affect the installation thrust control of the rubber gasket joint. For the different friction coefficients, the assembly depth corresponding to the sliding friction condition of the spigot pipe was 74 mm. Based on the ideal situation with a friction coefficient of 0, the minimum pushing force required to assemble the T-rubber gasket joint of a DN300 ductile iron pipe was 6.8 kN.




	(3)

	
After the T-rubber gasket joint was assembled, two contact pressure peaks were indicated on the two seepage surfaces, and the trough was located at the interface of the two types of rubber. Under the effects of different factors, the effective contact pressure on the two seepage surfaces of the T-rubber gasket was significantly greater than the maximum operating pressure of the urban municipal pipeline. The results indicate that the T-rubber gasket joint affords high-quality sealing and the ability to adapt to a small axial displacement.




	(4)

	
The large deformation and stress change history of the rubber gasket was clearly visualized in the simulation. The method could be applied to the design of the rubber gasket joint and sealing rubber gasket of municipal pipelines to reduce the test cost. The obtained results can serve as a reference for the sustainable design of rubber components.
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Figure 1. Calculated dimensions of pipe joint and T-rubber gasket: (a) T-rubber gasket joint; (b) T- rubber gasket. 
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Figure 2. FEM model. 
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Figure 3. Tests for determining basic mechanical properties of T-rubber gasket materials: (a) Uniaxial tensile test (UT); (b) Plane tensile test (PT). 
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Figure 4. Test results of two types of rubber: (a) Shore hardness of 50; (b) Shore hardness of 88. 
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Figure 5. Comparison between test and fitting results: (a) Shore hardness of 50; (b) Shore hardness of 88. 






Figure 5. Comparison between test and fitting results: (a) Shore hardness of 50; (b) Shore hardness of 88.



[image: Sustainability 15 05160 g005]







[image: Sustainability 15 05160 g006 550] 





Figure 6. Installation process of T-shaped rubber gasket (units: MPa). 
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Figure 7. Assembly process of pipe interface (units: MPa). 
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Figure 8. Relationship between propulsion force and assembly depth during intubation installation. 
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Figure 9. Contact pressure of seepage surface of T-shaped rubber gasket: (a) Contact surface of the spigot; (b) Contact surface of the socket. 
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Figure 10. Relationship between propulsion force and assembly depth under different friction coefficients. 
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Figure 11. Contact pressure distributions of T-shaped rubber gasket under different friction coefficients: (a) Contact surface of the spigot; (b) Contact surface of the socket. 
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Figure 12. Contact pressure distribution of T-shaped rubber ring under different assembly depths: (a) Contact surface of the spigot; (b) Contact surface of the socket. 






Figure 12. Contact pressure distribution of T-shaped rubber ring under different assembly depths: (a) Contact surface of the spigot; (b) Contact surface of the socket.



[image: Sustainability 15 05160 g012]







[image: Sustainability 15 05160 g013 550] 





Figure 13. Contact pressure distribution of T-shaped rubber ring under different values of radial clearance: (a) Contact surface of the spigot; (b) Contact surface of the socket. 
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Table 1. Fitting parameters of Ogden model (N = 3).
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	Shore Hardness
	μ1 (MPa)
	μ2 (MPa)
	μ3 (MPa)
	α1
	α2
	α3





	50
	−3.783
	1.229
	4.047
	3.407
	4.927
	1.222



	88
	−3.924
	3.136
	4.428
	5.468
	5.911
	−1.155
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